BACKGROUND {#sec1-1}
==========

Colorectal cancer is one of the major causes of morbidity and mortality worldwide.\[[@ref1]\] Lifestyle and environmental factors affect cancer initiation, promotion, and progression, suggesting that many common cancers are preventable. Epidemiological\[[@ref2][@ref3]\] and experimental\[[@ref4]\] investigations have revealed the importance of dietary factors in the causation of colon cancer. Therefore, there is extensive interest in the relationship between the caloric intake and colon carcinogenesis. Caloric restriction (CR), defined as a 20-40% reduction in energy intake without malnutrition, extends lifespan and delays the onset and slows the progression of age-associated diseases such as diabetes mellitus, cardiovascular diseases, and cancer in several species.\[[@ref5]\] The first scientific report, which described that CR inhibits the growth of tumors transplanted into mice, was published in early 20 century. There has been a revival of interest in the relationship between caloric intake and carcinogenesis. Previous studies have indicated that CR is associated with decreased incidence of spontaneous or chemically induced tumors in various animal tissues, including colon tumors.\[[@ref6][@ref7]\] 1, 2-dimethylhydrazine (DMH)-induced colon tumors could be inhibited by 40% CR in rats.\[[@ref7]\] In other study, azoxymethane (AOM)-induced rat colon tumors was significantly inhibited by restricting the calories by 30%.\[[@ref8]\] Same group demonstrated that CR by about 10%, 20%, and 30% inhibited colon tumor incidence in a dose-dependent manner. They also demonstrated that ornithine decarboxylase and protein tyrosine kinase activities were lower in the colon tumors of animals fed the CR diets.\[[@ref9]\] However, the molecular mechanisms underlying the protection of colon carcinogenesis by CR remain unclear.

Silent information regulator 2 (Sir2), which promotes longevity in yeast, *C. elegans*, and, *Drosophila*, is a nicotinamide adenosine dinucleotide (NAD+)-dependent class III histone deacetylase (HDAC).\[[@ref10]\] The expression or activity of Sir2 is increased by CR. Therefore, Sir2 in lower organisms play a critical role in promoting longevity.\[[@ref11]\] In mammals, there are seven SIRTs, SIRT1-7, which are localized to the nucleus, cytoplasm, or mitochondria depending on the different orthologous. They target a wide range of cellular proteins for post-translational modification by deacetylation (SIRT1, 2, 3, and 5) or ADP ribosylation (SIRT4 and 6).\[[@ref12]\] Discovery of diverse molecular targets are implicating that the SIRTs are important regulators of diverse physiology, including apoptosis and cell proliferation. Indeed, as shown in lower organisms, expression levels of SIRT1 in mammals are increased in response to CR.\[[@ref13][@ref14]\] Among seven SIRTs, SIRT1 has been investigated most intensively, because the function of SIRT1 in cancer is complex and still not well understood. SIRT1 has been shown as both a promoter and a suppresser of tumor development.\[[@ref15]\] Previous data suggest that SIRT1 function as an oncogene and play a role in carcinogenesis.\[[@ref16]--[@ref18]\] SIRT1 may inhibit apoptosis by deacetylating its targets that include tumor suppressor p53.\[[@ref19]\] On the other hand, several studies have indicated that SIRT1 has tumor-suppressive functions. Wang *et al*. showed that resveratrol, that is activator of SIRT1, suppressed the expression of Survivin.\[[@ref20]\] Survivin is one of the most cancer-specific genes, with essential roles in suppression of cell death, mitotic progression, and cellular adaptation.\[[@ref21]\] SIRT1 may promote cancer-specific cell death by suppressing Survivin, an inhibitor of apoptosis that is highly expressed in most human tumors.\[[@ref20]\] SIRT1 also prevents cancer by suppressing oncogenes, such as β-catenin. It has been shown that SIRT1 overexpression inhibits the growth of colon cancer cells dependent on β-catenin activity, suppresses the localization of β-catenin to the nucleus, and significantly attenuates its ability to activate transcription.\[[@ref22]\]

The induction of colonic tumors in mice and rats by DMH is widely used as an experimental model for studies on the role of dietary factors in colon carcinogenesis.\[[@ref23]\] Multiple injections of DMH result in neoplastic changes similar to those of human with regard to response to chemotherapy or chemopreventive agents. Aberrant crypt foci (ACF) are putative preneoplastic lesions of the colonic mucosa in mice, rats, and humans.\[[@ref24]\] ACF with varying growth features are reported to occur in a rat colon after injections of a colon carcinogen,\[[@ref25][@ref26]\] presumably representing preneoplastic lesions at different developmental stages. Studies have supported the concept that ACF with a higher crypt multiplicity are more likely to develop into neoplastic lesions.\[[@ref27][@ref28]\]

In this study, to elucidate the molecular mechanisms underlying the protection of colon carcinogenesis by CR, we determine whether CR would modify the growth of preneoplastic ACF. We also analyzed the changes of SIRTs genes expression patterns by CR and compared to the ACF formation in DMH-treated rat colon mucosa.

MATERIALS AND METHODS {#sec1-2}
=====================

Chemicals {#sec2-1}
---------

DMH was purchased from Sigma-Aldrich (St. Louis, MO).

Animals {#sec2-2}
-------

Four-week-old male Fisher 344 rats were purchased from Shizuoka Laboratory Animal Center (Hamamatsu, Japan). All rats were housed 3 or 4 per wire cage under controlled conditions of humidity (50 ± 10%), temperature (23 ± 2΀C), and kept in a 12/12 hour light-dark cycle. This experiment was performed according to the guidelines for the Animal Experimentation University of the Ryukyus and was approved by the Animal Care and Use Committee, University of the Ryukyus.

Treatment of rats {#sec2-3}
-----------------

The experimental design is shown in [Figure 1](#F1){ref-type="fig"}. A total of 56 rats were randomly divided into four experimental groups. Rats in groups 1 and 2 were given two weekly subcutaneous injection of DMH (40 mg/kg body weight), and those in groups 3 and 4 were injected with saline subcutaneously. Rats in groups 1 and 3 were fed a standard rodent diet (CE-2, CLEA, Tokyo, Japan) *ad libitum*, and those in groups 2 and 4 were fed a daily food allotment of 60% of that eaten by the *ad libitum* animals. Water was available *ad libitum* for both groups.

![Experimental protocol. Arrow indicates subcutaneous injection of DMH (40 mg/kg body weight). CR, caloric restriction (60% of the *ad libitum* intake).](JC-11-10-g001){#F1}

Determination of ACF {#sec2-4}
--------------------

Animals were sacrificed at 5 weeks after the beginning of the experiment \[[Figure 1](#F1){ref-type="fig"}\]. The entire colon was removed, gently flushed with saline to remove any fecal contents, opened longitudinally, and fixed in 10% neutralized formalin. Colon tissues were stained with 0.2% methylene blue solution for 30 s, immediately washed with distilled water, and then placed on a glass plate with the mucosal surface up. Using a stereomicroscope at a magnification of ×40, ACF were counted according to the criteria described earlier.\[[@ref25]\]

Immunohistochemical staining and measurement for proliferating cell nuclear antigen labeling index {#sec2-5}
--------------------------------------------------------------------------------------------------

The proliferating cell nuclear antigen (PCNA) labeling index was evaluated to determine the proliferative activity of the colonic epithelial cells. PCNA assays were carried out on the colonic mucosae of 13 rats from each group (group 1 or group 2). The embedded tissues were cut into 4-*μ*m sections and then stained using an anti-PCNA antibody (Dako, Carpinteria, CA,) and EnVision+ system-HRP Labeling Polymer (Dako). The anti-PCNA antibody was used at a dilution of 1:200. The number of PCNA-positive nuclei per section of the crypts was counted, and then percentages of PCNA-positive cells in each crypt were determined as the PCNA index.

Reverse transcriptase-PCR {#sec2-6}
-------------------------

The expressions of SIRT1-7, Survivin, and Cyclin D1 mRNA in the colonic mucosal cells were evaluated by reverse transcriptase-PCR (RT-PCR). Mucosal cells were scraped from the colon immediately after sacrifice and frozen in nitrogen liquid. Total RNA was extracted from the colonic epithelium using Trizol Reagent (Invitrogen, Carlsbad, CA), and reverse transcribed to obtain single-strand cDNA with High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA). PCR was carried out with a 7300 Real-Time PCR System (Applied Biosystems). The PCR primer pairs used in this study for SIRT1-7, Survivin, Cyclin D1, and GAPDH were as follow: SIRT1, sense 5'-GACGATGACAGAGCATCACACGCA-3', antisense 5'-CGAGGATCGGTGCCAATCATGAGG-3', SIRT2, sense 5'-AGCCACCCCACGACTGCTCA-3', antisense 5'-ACAGTCACCCAGCCAGGCCA-3', SIRT3, sense 5'-ACAAGGAGCTGCTTCTGCGGC-3'; antisense 5'-CTGCCATCACGTCAGCCCGT-3', SIRT4, sense 5'-CGCGCTGTGGAGAGCTGCTG-3'; antisense 5'-CCCTAGGCGTGGCTTTGGGC-3', SIRT5, sense 5'-GGGTCCCGGTGGCCGAGTTTA-3'; antisense 5'-TGTCAGTGCCCTGCATCTGTGC-3', SIRT6, sense 5'-ACATGTGCGCTCGGGCTTCC-3', antisense 5'-CTTGGCCACGGTGCAGAGCC-3', SIRT7, sense 5'-CCAAGCCGTCGGCCCAAACT-3', antisense 5'-TCGCCAGCACGGAGTGGAGT-3', Survivin, sense 5'-AGGACCACCGGATCTACACCTTC-3', antisense 5'-ATTCTCGGTAGGGCAGTGGATG-3', Cyclin D1, sense 5'-GCTGCTGGGAGTGTGGTGGC-3', antisense 5'-ATGTTCTGCTGGGCCTGGCG-3', GAPDH, sense 5'-GACAACTTTGGCATCGTGGA-3'; antisense, 5'- ATGCAGGGATGATGTTCTGG-3'. All PCR reactions were run in triplicates and mRNA expression, relative to GAPDH, was calculated using the ΔΔCt method.\[[@ref29]\]

Western blotting {#sec2-7}
----------------

Western blot analysis was performed as described previously.\[[@ref30]\] In brief, whole tissue lysates were subjected to SDS-PAGE and electroblotted onto polyvinylidene difluoride membranes (Millipore, Billerica, MA), and then analyzed for immunoreactivity with the appropriate primary and secondary antibodies as indicated in the figures. Reaction products were visualized using enhanced chemiluminescence reagent, according to the instructions provided by the manufacturer (GE Healthcare, Waukesha, WI). Anti-Survivin (Cell Signaling Technology, Danvers, MA), anti-Cyclin D1 (MEDICAL & BIOLOGICAL LABORATORIES, Nagoya, Japan), and anti-actin (Lab Vision, Fremont, CA) antibodies were used. Horseradish-peroxidase-conjugated secondary antibodies were purchased from GE Healthcare.

Statistical analysis {#sec2-8}
--------------------

All data were expressed as the mean ± SD. Differences in data between the animals of experimental groups were analyzed by Student\'s or Welch\'s t-test. *P* \< 0.05 was considered statistically significant.

RESULTS {#sec1-3}
=======

Only CR decreased the body weight of rats {#sec2-9}
-----------------------------------------

Rats in each group were monitored for food intake and body weight once a week \[[Figure 2](#F2){ref-type="fig"}\]. CR rats were fed a daily food allotment of 60% of that eaten by the *ad libitum* animals. Food consumption of *ad libitum* rats in the experimental groups did not vary. As expected, body weights of animals fed the CR diets were lower than those fed the *ad libitum* diet in both DMH- and vehicle-treated groups throughout the study (\*P \< 0.05). DMH-injection did not affect food intake and body weight \[[Figure 2](#F2){ref-type="fig"}\].

![Food intake and body weight. (a) The mean daily intake of food for the different groups is shown. (b) Body weights of animals fed a calorie-restricted diet (groups 2 and 4) were lower than those fed *ad libitum* (groups 1 and 3) throughout the study (\**P* \< 0.05). DMH treatment did not affect the body weight of rats](JC-11-10-g002){#F2}

CR inhibited DMH-induced ACF formation {#sec2-10}
--------------------------------------

To examine the effect of CR on the promotion of colonic epithelial cell proliferation, the formation of chemically induced ACF was examined in colon specimens as a marker of early stage colorectal carcinogenesis.\[[@ref26][@ref31]\] ACF were present throughout the length of the colon in the rats which were given with DMH-injection. The total number of ACF was significantly lower in CR rats (group 2) than that in *ad libitum* rats (group 1) (\* *P* \< 0.05) \[[Figure 3a](#F3){ref-type="fig"}\]. The number of ACF containing one to three aberrant crypts was higher than that of more than four aberrant crypts in both groups. Both of them were also decreased significantly in CR rats compared to ad libitum rats (\**P* \< 0.05) \[[Figure 3b](#F3){ref-type="fig"}\]. No ACF was seen in any of the rats without DMH-injection (groups 3 and 4) (data not shown).

![CR inhibited DMH-induced ACF formation. Colon tissues were stained in a 0.2% methylene blue solution. ACF were counted according to the Bird\'s criteria.\[[@ref25]\] (a) The average number of ACF induced by DMH-treatment was significantly lower in CR rats (group 2) than *ad libitum* rats (group 1) (\**P* \< 0.05). (b) The average number of ACF containing one to three (left panel) or more than four (right panel) aberrant crypts was also decreased significantly in CR rats (\**P* \< 0.05) compared with *ad libitum* rats](JC-11-10-g003){#F3}

CR inhibited the DMH-induced PCNA labeling index in colonic mucosa {#sec2-11}
------------------------------------------------------------------

The proliferative activity of the colonic epithelial cells was determined by the PCNA labeling index \[[Figure 4a](#F4){ref-type="fig"}\]. In group 2, the PCNA labeling index of the distal and middle regions and the entire colon was significantly lower than those of group 1. The numbers of the cells in a crypt of the distal and middle regions and the entire colon in group 2 were significantly lower than those in group 1 \[[Figure 4b](#F4){ref-type="fig"}\]. Images of immunohistochemistory of PCNA are shown in [Figure 4c](#F4){ref-type="fig"}. The length of each crypt in group 1 rats was longer than that in group 2 rats \[[Figure 4c](#F4){ref-type="fig"}, upper panels\]. Moreover, PCNA-positive cells were increased particularly in the bottom of the crypt in group 1 rats \[[Figure 4c](#F4){ref-type="fig"}, lower panels\]. These results indicated that the proliferative activity of the colonic epithelial cells was inhibited by CR, resulting in a decrease in the number of ACF.

![CR inhibited DMH-induced cell proliferation in colonic mucosa. Proliferating activity of the cells in colonic crypts was evaluated by measuring PCNA-positive nuclei. (a) Percentage of PCNA-positive nuclei of epithelial cell(PCNA index) in a half crypt was determined by immunohistochemistry. CR decreased the PCNA index significantly (\**P* \< 0.05). (b) The number of cells of the crypt in distal and middle segments of the colon was counted. Data are mean ± SD. Number of the cells in a crypt was decreased significantly in CR rats (\**P* \< 0.05). (c) Immunohistchemistry of PCNA in colonic mucosa of the rats in group 1 (left panels) and group 2 (right panels). Upper images are lower magnification (×20). Lower images are higher magnification of indicated upper images.](JC-11-10-g004){#F4}

CR altered anti-apoptotic and cell cycle-related gene expressions {#sec2-12}
-----------------------------------------------------------------

The levels of anti-apoptotic gene *Survivin* and cell cycle associated gene *Cyclin* D1 protein and mRNA transcript levels were determined in the colonic mucosae of rats in each group by Western blotting and real-time RT-PCR, respectively. Survivin protein levels in the colonic mucosae were reduced by CR in both DMH-treated and -untreated rats \[[Figure 5a](#F5){ref-type="fig"}\]. Survivin mRNA levels were increased by DMH treatment (group 1 vs. group 3) and decreased by CR (group 1 vs. group 2). Those were lower in DMH-untreated CR rats compared to DMH-untreated *ad libitum* rats, but were not significant \[[Figure 5b](#F5){ref-type="fig"}\]. Both Cyclin D1 protein \[[Figure 5a](#F5){ref-type="fig"}\] and mRNA \[[Figure 5b](#F5){ref-type="fig"}\] levels were also increased by DMH-treatment (group 1 vs. group 3) and returned to the same levels of DMH-untreated rats (group 2 vs. group 3).

![CR altered anti-apoptotic and cell cycle related gene expression. (a) The protein expressions of Survivin, anti-apoptotic protein and Cyclin D1, progression of cell cycle-related protein were analyzed by western blot. Two representative samples from each group are shown. Actin was a loading control. (b) The expression of Survivin and Cyclin D1 mRNA was analyzed by real-time RT-PCR. Results are shown as fold change of mRNA expression relative to that of mean value of group 1. Real-time RT-PCR data were obtained using the ΔΔ Ct method, with normalization to the reference GAPDH mRNA (mean ± SD, n=5, \**P*\<0.05)](JC-11-10-g005){#F5}

CR altered SIRTs gene expression in colonic mucosa {#sec2-13}
--------------------------------------------------

To clarify the mechanisms underlying the reduced proliferative activity of the colonic epithelial cells in the CR group with DMH-treatments, we investigated the expression levels of 7 SIRT family genes (SIRT1-7) in colon specimens in each group by real-time RT-PCR \[[Figure 6](#F6){ref-type="fig"}\]. CR increased SIRT1-7 mRNA expression significantly in DMH-treated rats (group 1 vs. group 2), but not in DMH-untreated rats except SIRT1 (group 3 vs. group 4).

![CR altered SIRTs gene expression in colonic mucosa of rats. Seven *SIRT* family genes (SIRT1-7) in colonic mucosal cells were analyzed by real-time RT-PCR. Results are shown as fold change of mRNA expression relative to that of mean value of group 1. Real-time RT-PCR data were obtained using the ΔΔ Ct method, with normalization to the reference GAPDH mRNA (mean ± SD, groups 1 and 2, n=10, groups 3 and 4, n=5, \**P*\<0.05).](JC-11-10-g006){#F6}

DISCUSSION {#sec1-4}
==========

Colorectal carcinogenesis is a multistep process that includes selection and propagation of preneoplastic lesions. Several studies have supported the contention that ACF are preneoplastic lesions in colon carcinogenesis by investigating the morphological and genotypic features of ACF.\[[@ref24]\] In this study, we found that CR reduced the number of ACF formation in colonic mucosa in DMH-treated rats \[[Figure 3](#F3){ref-type="fig"}\]. Total number of ACF-induced by DMH was significantly decreased by 5 weeks CR \[[Figure 3a](#F3){ref-type="fig"}\]. The number of ACF with more than four aberrant crypts was also significantly decreased in CR rats \[[Figure 3b](#F3){ref-type="fig"}\]. The concept, that ACF with a higher aberrant crypt multiplicity (number of crypts/focus) are more likely to develop into neoplastic lesions,\[[@ref28]\] suggest that ACF with increasing crypt multiplicity exhibit increasing potential to develop into cancer. According to this theory, our results suggest that only a short-term (5 weeks) CR suppress not only the occurrence of preneoplastic lesions but also their development into neoplastic lesions in the colon of DMH-treated rats.

In this study, we used 60% food-restricted protocol for CR. Is that too strict restriction? Severity of CR is the age when CR is started and the strain of the animals determine the magnitude of cancer prevention. In general, an effect of CR seems to be modest and required a longer duration in order to exert measurable responses at the tissue level. Indeed, previous study has shown that the ability of CR to significantly alter the development of ACF was not evident at week 4 but significant alteration was seen only at week 12.\[[@ref32]\] In contrast, we observed significant alteration of DMH-induced ACF formation in 5 weeks after starting CR diet. The condition of CR (60% of *ad libitum* diet) that we used in this study might be most strict condition comparing with previous papers. In fact, the average of body weights of CR rats was lower than *ad libitum* rats during the entire experiments. It was not dependent on DMH treatments \[[Figure 2](#F2){ref-type="fig"}\]. However, mortality rate and physical activity of these rats were not different between CR and *ad libitum* rats (data not shown). These results indicate that our CR protocol was not too strict to make the animals malnutrition and too difficult to assess its effects on colon carcinogenesis.

How does CR decreases occurrence and development of precancerous lesions? What are the molecular mechanisms of that? Abnormal cell proliferation and inhibition of cell death are one of the important mechanisms in colon carcinogenesis. To understand the protective effects of CR against DMH-induced colon carcinogenesis, the expression of cell proliferation markers, such as PCNA and Cyclin D1, and anti-apoptotic protein, Survivin, were examined. PCNA is an auxiliary protein of the DNA polymerase δ, expressing in the nuclei of cells during the DNA synthesis, and playing an important role in cellular proliferation. In this study, rats treated with DMH alone showed intense nuclear staining for PCNA. PCNA-positive cells in those rats were seen at the bottom of the crypts, where intestinal epithelial cell renewals mainly occurre \[[Figure 4c](#F4){ref-type="fig"}, left panels\]. Numbers of PCNA-positive cells were decreased by CR in DMH-treated rats \[[Figure 4c](#F4){ref-type="fig"}, right panels\]. Moreover, CR decreased the expressions of anti-apoptotic gene *Survivin* and cell-cycle associated gene *Cyclin* D1 in DMH-treated rats both at mRNA \[[Figure 5b](#F5){ref-type="fig"}\] and protein \[[Figure 5a](#F5){ref-type="fig"}\] levels. Interestingly, CR itself did not change the mRNA expressions of these genes in DMH-untreated rats \[[Figure 5b](#F5){ref-type="fig"}\]. These results suggest that CR prevents the initial stage of colon carcinogenesis by inhibiting excessive cell proliferation and induction of apoptosis of colonic mucosal cells.

Because CR extends the lifespan of many lower organisms, the nutrient-response pathways that regulate age-dependent phenotypes in these organisms can provide insights on the mechanisms linking CR and cancer reduction. Previous studies in lower organisms indicate that insulin-like growth factor 1 (IGF-I) pathways might be important for aging and cancer in mammals.\[[@ref33]\] Downstream of IGF-I signaling pathways, PI3K/Akt signaling plays an important role for cell proliferation and inhibition of apoptosis. Previous studies suggested that several downstream effectors of PI3K/Akt, including SIRT1 might be responsible for anti-carcinogenic effects of CR.\[[@ref22]\] Here, we analyzed the expression of all human SIRTs (SIRT1-7) in response to CR and/or DMH. We found that CR increased SIRT1-7 expression in colonic mucosal cells in DMH-treated rats \[[Figure 6](#F6){ref-type="fig"}\]. Among seven mammalian SIRTs proteins, SIRT1 has been extensively studied. SIRT1 may promote cancer-specific cell death by suppressing Survivin. Moreover, SIRT1 prevents cancer by suppressing oncogenes, such as β-catenin. The accumulation of β-catenin in nucleus activates transcription of *cyclin* D1 gene in colon cancer cells.\[[@ref34]\] Therefore, down-regulation of Cyclin D1 expression by CR in DMH-treated rats might be through suppression of β-catenin by SIRT1. As our DMH-induced colon cancer model animals, SIRT1-activation during CR could prevent carcinogenesis by increasing promoting cancer-specific cell death and suppressing cell proliferation. However, the roles of other SIRTs in human carcinogenesis are still unclear.

CONCLUSIONS {#sec1-5}
===========

In conclusion, we demonstrated that CR reduced ACF formation and cell proliferation in colonic mucosal cells in DMH-treated rats. CR decreased anti-apoptotic protein Survivin and cell cycle associated protein Cyclin D1 in these cells. These results suggest that CR prevents the initial stage of colon carcinogenesis by inhibiting excessive cell proliferation and induction of apoptosis of colonic mucosal cells. CR also increased SIRT1-7 expression in colonic mucosal cells in DMH-treated rats. Previous studies have shown that SIRT1 prevents intestinal tumor formation.\[[@ref22]\] Therefore, SIRT1 might have an important role in prevention ACF formation induced by DMH. However, the effects of other SIRTs (SIRT2-7) on the reduced ACF formation in CR rats were still unclear. Further molecular biological investigations will be needed to fully elucidate the roles of SIRTs in prevention of ACF formation and colon carcinogenesis.
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